INTRODUCTION
Acute diarrheal diseases of neonatal calves are observed more frequently with increasing intensification of rearing and fattening methods. Severe eco nomic losses are caused due to retardation of growth and high mortality rate in the respective herds. Often, 90-100% of all newborn calves in a herd become diarrheic with up to 50% losses recorded. However, large variations occur among different herds.
Viral induced diarrheas most often occur during the first two weeks of life, at which age the clinical severity of infection is most pronounced. However, adult cattle have been shown to excrete rotavirus, which is usually associated with diarrhea. During the time span of one to three days, adult cows can be affected with a pronounced reduction in appetite and milk production (54). Reinfections seem to occur frequently, and all viruses involved in the syndrome are widely spread; a high percentage of animals tested have humoral antibo dies to most of these agents.
The causes of diarrhea in cattle are complex. In addition to several infec tious agents, environmental, nutritional and hygienic factors are involved in outbreaks of acute disease.
The diagnostic microbiologist frequently isolates an assortment of infec tious agents from calves with diarrhea, including several types of enteropathogenic viruses, bacteria and protozoa. These agents cause dual or multiple infec tions and are found in various combinations (see reviews 11, 34 and 49) . Because of the frequency of multiple infections, it has been difficult to determine the role of the different infectious agents in the pathogenesis of field infections. Thus, a review on viral gastroenteritis in the calf must also include relevant aspects of infections with common non-viral agents causing diarrhea in calves.
The number of viruses found in the intestinal tract of calves with diarrhea is still increasing. The more important and well studied rotaviruses (22, 29 and 32) and coronaviruses (31 and 56) can be demonstrated in up to 60% of all calves with diarrhea, with frequent mixed infections of the rota-and coronavi ruses (12 and 56) . Apart from these agents, parvoviruses (46), astroviruses (55), caliciviruses (55), bovine virus diarrhea virus (bovine pestivirus, 3), virus-like "fringed" particles (30) and hemagglutinating, spherical particles with projec tions ("Breda" agent, 58) have been described in association with diarrhea in calves. With most of these agents diarrhea of various degrees can be induced by the experimental infection of mainly gnotobiotic or colostrum-deprived new born calves. However, although differences in virulence seem to exist e.g. in rotavirus isolates (15) , in most experimental infections with a single viral agent, only transient, mild forms of diarrhea developed, which usually did not resemble the severe forms accompanied by dehydration observed under field conditions.
VIRAL INVASION, REPLICATION SITES AND REPAIR MECHANISMS
After oronasal entry into the body, enteropathogenic viruses are exposed to a variety of extreme environmental conditions before they reach their target cells: e.g. dilution during passage through the stomach system, alkaline condi tions, enzymatic digestion and bile salt activity in the proximal small intestine. These conditions do not seem to impair infection; in fact, almost all virus spe cies involved are acid-stable (see review 11), and since, for example, rotavirus infection and replication or Coronavirus replication in vitro are enhanced by proteolytic enzymes (5, 47), one can postulate that a similar enhancement also occurs under in vivo conditions (28) .
In general, the viruses involved in the etiology of the diarrhea syndrome in calves show pathogenic features of a strictly localized infection with the excep tion of bovine parvovirus and bovine viral diarrhea (BVD) virus, which also have a viremic stage. Initial infection usually takes place in the proximal part of the small intestine. The epithelium of the stomach and upper duodemum remains uninfected. After replication of the viruses at the initial infection sites, progeny virus progressively spreads to infect the epithelium in the jejunum and ileum (26) . Depending upon the strain involved, rotavirus infection is someti-mes limited to the proximal and middle part of the small intestine (39). This may also apply to some of the other enteropathogenic viruses involved, and could reflect differences in virulence as has been shown for viruses causing diar rhea in other species (6) .
Bovine Coronavirus and the "Breda" agent also replicate in the colon epi thelium (31, 58) . Bovine pestivirus (BVD), in addition, infects the epithelium of the abomasum and is accompanied by a viremia. Since it mainly occurs in animals much older than 3-4 weeks, it will not be discussed here.
Morphologic lesions in the small intestine have been described in naturally occurring and experimentally induced viral diseases in calves, using light micros copy, scanning and ultrathin-section electron microscopy. The results of these studies all show the high susceptibility of the mature, differentiated absorptive enterocyte in the small intestine for rotaviruses, coronaviruses (31, 32) and the "fringed" particle (30) , whereas with calici-and astroviruses the situation is not clear. Villous cells exhibit a gradient of susceptibility to infection for these viruses, increasing in sensitivity from the crypt to the tip of the villus. In con trast, bovine parvoviruses have a strong affinity to the undifferentiated cells in the crypts of Lieberkühn (46). The "Breda" agent replicates mainly in the lower part of the villus epithelium and throughout the crypt region. This might imply that the primary site of infection is in the crypt cells and infected cells which migrate up the villus before being shed into the intestinal lumen (58).
After infection of calves with enteropathogenic viruses, the lesions which develop are all very similar. They consist of degeneration, sometimes vacuoli zation, necrosis and desquamation of infected villous crypt cells, which lead to the progressive shortening and atrophy of villi in the small intestine, where as bovine Coronavirus and the "Breda" agent also induce lesions in the large intestine ( Fig. lb, c; 2a, b) . Elongation of crypts with increased numbers of polymorphonuclear cell infiltration and thickening of the lamina propria result in a temporary deficiency of mature differentiated cells in the mucosa. Micro villi become short and are poorly defined. The ratio of villus height to crypt depth is reduced in infected areas. In rotavirus infection, fusion of the epithe lium of adjacent villi occasionally occurs (39), and the "fringed" particles induce large syncytia of enterocytes (30) .
The extent of epithelial damage varies in individual animals. These diffe rences may be related to the infectious dose, virulence of the respective virus strain (5), virus species involved (31, 32, 58 ) and the developmental stage of the enterocytes in the small intestine (11) . Comparison of morphological damage is frequently made between individual studies, where samples were taken at different times after the onset of diarrhea or inoculation. For example, only slight villous stunting was observed in calves examined six hours after the onset of diarrhea (32) (26 hours after experimental infection), whereas very severe atrophy was found in naturally infected calves at the same time (39). How ever, since precise time-course experiments are not available, the reported varia tions in virus-induced lesions may be somewhat artefactual. Location of morphological lesions correlate well with the demonstration of virus-specific antigens in the infected areas of the small intestine using fluo rescent antibody techniques -except in calici-and astrovirus infections -where relevant data are missing (30, 31, 32, 58) .
The persistence of the virus in the small intestine largely depends upon whe ther differentiated enterocytes are available to support virus replication. Rota virus and Coronavirus excretion lasts approximately two to nine days after infec tion. Desquamation and lysis of infected enterocytes is rapidly repaired by repla cement with immature cubicoidal cells from the crypt, which are refractory to infection with rotavirus and Coronavirus. This self-limiting infectious pro cess is paralleled by the action of the immune functions.
We know, for example, from studies on pigs and lambs with enteropathoge nic virus infection, that, in response to the infection, the crypt epithelial cell generation cycle is considerably shortened to the extent that the proliferartive cell zone expands and the maturation zone diminishes (48). Similar conditions may also apply for calves. For instance, the epithelium, which normally rege nerates in 3-week-old calves and lambs every 2-3 days (33), regenerates every 15 hours in rotavirus-infected lambs (43).
Influence of multiple infections.
Probably, the majority of diarrheal calves, and certainly the majority of diarrhea epizootics are characterized by multiple infections. These include not only different viruses, as has been discussed earlier, but also bacteria-like ente rotoxigenic Escherichia coli (ETEC), Salmonellae or Campylobacter sp. and/or protozoa like Cryptosporidia. It has been observed that rotavirus infection, for instance, predisposes calves to infection with enteropathogenic bacteria, and that the bacteria are responsible for the severity of the syndrome (23, 52) . Recent experimental data strongly support this hypothesis. Colostrum-deprived as well as conventionally reared calves were given doses of ETEC and rotavirus which, when applied as a monoinfection, did not induce diarrhea ; however, severe diarrhea was observed when both agents were given at the same time (24, 44, 50) . Usually, ETEC infections only occur within the first 24-36 hours after birth, with diarrhea developing on the second or third day of life (3, 41) . Rotavirus infections, on the other hand, occur mainly in calves from 4-5 days to several weeks of age (3, 18, 34) . The experimental data available today suggest that primary rotavirus infection also enhances colonization of ETEC in the small intestine in calves older than two to three days. Figures In our studies calves were infected according to different regimes: 3. Non-ETEC infection alone (1O 10 0101: K99-, Ent); 4. Rotavirus was followed by ETEC 12-14 hours later; 5. Rotavirus and ETEC were inoculated at the same time; 6. ETEC was followed by rotavirus 15-36 hours later.
The clinical and microbiological data of these experiments are shown in Tables I-IV and Figure 3 . The results can be summarized as follows: 1) 10 10 ETEC germs produce severe diarrhea, 10 7 ETEC do not induce diarrhea (Table I) , 2) rotavirus strains Munich K28, V1158/79 and V1125/81 induce no or only slight diarrhea when given alone (Table II) , 3) rotavirus followed by ETEC or rotavirus/ETEC given simultaneously induce a most severe diar rhea (Table III , IV), 4) ETEC followed by rotavirus do not induce diarrhea.
There results are a reflection of the number of ETEC colonizing the small intestine. Highest amounts were always detected in mixed rotavirus/ETEC infec tions, whereas only low numbers could be demonstrated in ETEC/rotavirus infections (Table I) . Thus, the results indicate a synergistic rather than an addi tive interaction between the two agents. Recently, similar observations were made by Snodgrass et al. (44).
Whether or not the results obtained with the combination rotavirus and ETEC also apply for other virus/bacteria combinations and which role Cryptos poridia play in this complex is not, at present, clear. Limited experience, how ever, indicates similar enhancement of ETEC colonization in calves infected with the "fringed" particles describes by Mebus et al. (30) , whereas the virus alone causes diarrhea that lasts 24 hours; a combination of ETEC and the virus causes mortality (30) .
Immunity in intestinal infections of calves.
As in almost all localized intestinal infections, serum antibodies do not cor relate with protection against infection or reinfection (see 11 for review). Pro tection is usually associated with local immunity, which either develops acti vely following intestinal infection, or is transferred by passive "lactogenic" antibodies via colostrum and milk and immune and immunized dams.
Since the period between birth and infection is generally too short for an active immunity before infection, and the uptake of colostral and milk antibo dies can interfere with the development of an active immunity (4, 14, 19) , the passive immunity is most important during the neonatal period. The efficacy and duration of such lactogenic protection differ considerably, however, bet ween different species. Figure 4 gives an example of the occurrence of rotavi rus antibodies in colostrum and milk of the cows during the first six days of lactation, which is compared to that of sows in which a much slower decrease of rotavirus antibody secretion is observed over the period of two weeks.
It is shown that, in cows, specific rotavirus antibody is usually present in high titer in the colostrum of day 1, and a rapid decline is observed within 2 to 3 days (25, 57 
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ELISA rotavirus antibody titres in colostral and milk whey during the days after parturition from 30 cows compared to colostrum and milk titers during the first 14 days after parturition from 20 sows naturally infected with rotavirus (from Hess et al., 24) .
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Active immunity against rotaviral infection develops in the calf between 7 and 21 days, as has been demonstrated in challenge experiments (53). This data correlates very well with the results obtained by our group on the kinetics of antibody development in six cesarian derived, colostrum-deprived calves after infection with bovine rotavirus. Calves were orally inoculated between 6-9 days after birth and samples were taken from two fistulas -one at the proximal part and one at the distal end of the jejunum -as well as from the feces, at different intervals over a period of four months (25) .
A wide range of variation was observed with respect to the time of appea rance of rotavirus antibodies in jejunal fluids or feces. It took 2 to 5 days until rotavirus antibodies were demonstrable in the small intestine after rotaviral infection. 2 to 13 days later, rotavirus antibodies appeared in the feces. Serum antibodies were detected between 22 and 38 days after oral infection.
Antibodies were demonstrable in the feces for up to 65 days post infection. Most antibodies found in the small intestine or feces were shown to be of the IgG, class; significant amounts of IgA were also present. Figure 5 gives an example of one of the calves from the experiment. Some of the calves were reinfected 48 to 65 days after the first infection. Rotavirus was not excreted after reinfection; however, intestinal antibody titers usually increased within 7 to 10 days after reinfection.
In passive lactogenic immunity, IgG 1 is exclusively derived from the blood serum; local antibody production in the bovine mammary gland is negligible (see 10 and 38 for review). Whether the so-called "gut-mammary link", that is the migration of antigen-stimulated lymphocytes from Peyer's patches into the mammary gland, also occurs in the bovine is not clear at present (16) . It is, however, probable that this mechanism also exists in cattle, although its func tion may not be as as distinctly developed as in other species. Recent data sup port this view, since antibody excretion can be increased and prolonged in pri med cattle by parenteral application of, for example, the rotavirus antigen (20, 42) (Fig. 6 ). The effect of lactogenic antibodies in the small intestine of newborn cattle is due to the inhibition of colonization of enteropathogenic bacteria and neu tralization of enteropathogenic viruses. A precondition for this passive immu nity is the continuous presence of specific antibodies in sufficient amounts in the small intestine. For instance, colostral specific IgG and IgM protects cal ves against ETEC (27) and rotavirus infection (7, 45 ) when fed to calves during the first 14 days of life.
Stimulation of specific lacteal antibodies by maternal vaccination.
Active immunization of newborn calves has resulted in sufficient protec tion against ETEC (13) . This method, however, can only be used for herdspecific vaccines because of the broad antigenic spectrum of O-antigens in ETEC. Active immunization of calves against rotavirus and Coronavirus infections, in contrast, does not induce protection. In a number of studies, no differences could be demonstrated in morbidity and mortality between vaccinated and con trol animals (4, 14, 19) .
For these reasons, studies on maternal vaccination, in order to increase and prolong antibody secretion in colostrum and the milk of cows, were intensi fied during recent years (7, 20, 42) . These studies were based on the empiric observation that a stimulation of antibody secretion could be obtained in ani mals that had been primed locally during infection with enteropathogenic agents. Most of these investigations were carried out with the K99 pilus antigen of Esche richia coli (1, 2, 17, 37). Vaccines were applied twice subcutaneously during the last trimester of pregnancy with an interval of between 20 to 28 days. Opti mal results are obtained when the second vaccination is given approximately 7 to 40 days before parturition (1).
Similar results are obtained when mainly using rotaviruses. This secretion of specific rotavirus antibodies with milk considerably increases and is prolon ged after subcutaneous or intramuscular vaccination of pregnant cows (7, 20, 42) .
Since neonatal calf diarrhea is of complex etiology, maternal vaccination for passive immunization of calves should aim for protection against as many enteropathogens as possible. The first field results after the application of a commercial maternal vaccine against rota-and coronaviruses were recently published in Germany. Morbidity could be reduced in four herds from bet ween 84% and 100% to between 15%. However, there was still a calf morta lity of 8% in these herds after vaccination.
We have recently developed a combined E. coli K99 + /rotavirus/coronavirus/parvovirus vaccine for maternal application. The preparation is based on a partially purified K99 pilus antigen, and the inactivated virus strains rota virus Munich V1005/78, rotavirus Holland, Coronavirus 800 and parvovirus Haden. Aluminium hydroxide and saponin were used as adjuvants. Subcuta-neous vaccination was carried out twice within four weeks during the last tri mester of pregnancy (6-8 weeks, and 1-2 weeks ante partum). Vaccinated cows secreted specific virus antibodies for up to 21 days (21), specific K99 antibo dies for up to 12 days (8) post partum. In a small field trial, occurrence of diarrhea could initially be reduced from between 50% and 60% during the years before vaccination to between 15% and 20%, the mortality was reduced from 10% to 0.6% (21) .
These results could be confirmed in a larger field trial with 209 herds and 4,161 animals which was carried out during the winters of 1982/83 and 1983/84. Whereas before vaccination in 97.13% of all herds, more than 25% of all cal ves became diarrheic during the first two weeks of life and in 50.28% of all herds more than 10% of newborn calves died from diarrhea, after vaccination diarrhea did not occur any more in 41.69% of the herds, and in 90.91% of all herds deaths were not recorded during the first 14 days of life (Tables V  & VI) . After application of the vaccine only 372 of 4,161 calves (8.94%) from vaccinated dams had diarrhea and 82 calves (1.97%) died.
We are convinced that maternal vaccination can help control neonatal diar rhea in calves, provided that: a) all agents involved in the etiology are recog nized and can be grown in vitro to allow large-scale production of antigens, and b) the calf is fed milk from the mother for approximately 14 days. Ano ther prerequisite seems to be the amount of antigen in the vaccine. It must be high in order to obtain maximum stimulation. With low amounts of antigen, stimulation of milk antibodies is poor and protection is thus not conferred, as has been demonstrated recently with a commercial vaccine (36, 40, 51). -Studies with an unclassified virus isolated from diarrheic calves. Veterinary Micro biology (in press).
